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[11 The mechanisms controlling the distribution of radiocarbon over the deep Pacific are
examined using, firstly, a simplified one-and-a-half-layer model and, secondly, an isopycnic
circulation model with parameterized radiocarbon sources and sinks. Two mechanisms
control the radiocarbon at depth: relatively fast, lateral transport of bottom waters
determining the horizontal distribution and a slower balance between advection-diffusion
and radio decay in the vertical. In the isopycnic model, there is a strong topographic control of
the bottom water spreading, which is more complex than in the idealized model. Sensitivity
studies reveal that altering the bottom intensified diapycnic mixing leads to significant
changes in the radiocarbon distribution through both the direct diapycnic transfer and,
indirectly, by modifying the bottom water transport and northward penetration of young

radiocarbon waters.
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1. Introduction

[2] The deep Pacific ocean is a significant reservoir of
carbon, the magnitude of which depends on the resident
water masses, their rates of ventilation and the relative rate
of regeneration of biogenic carbon. Changes in these
physical properties and this large carbon reservoir could
exert a significant control on the atmosphere-ocean parti-
tioning of carbon. The ability of ocean models to simulate
the deep carbon distribution has often been assessed by
examining the accompanying radiocarbon distribution.
Radiocarbon with a half-life of 5730 years can reveal
aspects of the deep, large-scale circulation where, perhaps,
a steady state may be assumed. The GEOSECS surveys in
the 1970’s provided the first view of the global distribution
of radiocarbon in the oceans [e.g., Ostlund and Stuiver,
1980], which have been significantly augmented by the
WOCE survey in the past decade [Key, 1996; Stuiver et al.,
1996; Key et al., 1996, 2002] revealing in more detail the
interbasin gradients and patterns. However, in surface
waters and the thermocline, the situation is complicated
by the transient signature of bomb radiocarbon entering
the ocean from the atmosphere.
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[3] In this study we examine the mechanisms which
control the distribution of radiocarbon in the deep waters
of the Pacific basin. By comparing modeled and observed
radiocarbon distributions we examine the deep circulation
of the basin and mechanisms of ventilation. We compare
the distributions of radiocarbon with a complementary
dynamical tracer, the large-scale potential vorticity. Poten-
tial vorticity is dynamically active and its distribution has
been interpreted in terms of ventilation and eddy stirring
processes for both the upper ocean [McDowell et al., 1982;
Keffer, 1985] and deep ocean [O’Dwyer and Williams,
1997; Roussenov et al., 2002].

[4] We examine the sensitivity of the radiocarbon distri-
butions to enhanced bottom mixing using, firstly, an ideal-
ized one-and-a-half-layer model [Speer and McCartney,
1992] and, secondly, an isopycnic ocean general circulation
and tracer model. The isopycnic framework allows precise
control on the mixing rates which are central to this study.
Diapycnic mixing impacts the radiocarbon distribution both
through a direct transport and indirectly through its control
on the large-scale overturning circulation. The weak strat-
ification resulting from the enhanced bottom mixing might
in reality be a consequence of enhanced mixing over rough
topography [Polzin et al., 1997] or the action of weak
geothermal heating possibly important in the North Pacific
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[Joyce et al., 1986; Talley and Joyce, 1992; Thompson and
Johnson, 1996].

[s] Classically, the horizontal circulation in the deep
Pacific is expected to be cyclonic for a flat-bottomed basin
[Stommel and Arons, 1960]. However, with sloping side-
walls, an anticyclonic circulation can arise due to the
horizontal divergence of fluid upwelling over a dome-
shaped basin, called the “hypsometric effect” [Rhines and
MacCready, 1989]; this response was obtained by Ishizaki
[1994] for a model study of the deep Pacific. However, the
complex bathymetry of the deep oceans can prevent these
idealized signatures from dominating the modeled circula-
tion [Roussenov et al., 2002].

[6] In terms of previous model studies of the radiocarbon
distribution, Fiadeiro [1982] employed an idealized numer-
ical model of the Pacific basin flow and A'C distribution
based on the Stommel-Arons view of the deep circulation.
The assumption of uniform upwelling led to the “oldest”
(lowest A'C) waters being incorrectly placed on the
bottom. The modeled radiocarbon distribution only com-
pared favorably with the observations when the basin wide
upwelling was chosen to be a maximum between the
Bottom Waters and Deep Waters.

[7]1 Toggweiler et al. [1989] examined simulations of the
prebomb ocean distribution of radiocarbon using coarse-
resolution configurations of the GFDL ocean circulation
model in the light of the GEOSECS data. The radiocarbon
simulations demonstrate that a fully prognostic model better
captures the observed tracer distribution than “robust diag-
nostic” models where temperature and salinity are restored
toward observations in the models interior. In the robust
diagnostic models the “oldest” Pacific waters are again
incorrectly placed at the ocean floor, since incorporating
artificial interior buoyancy sources and sinks by restoring to
temperature and salinity actually weakens the ventilation of
the deep Pacific basin.

[8] Recently, as part of the OCMIP (Ocean Carbon-cycle
Model Intercomparison Project) study [Orr, 2002], there has
been a comparison of coarse-resolution model simulations
of the global radiocarbon distribution. The models all show
a radiocarbon gradient in the Pacific deep waters with
“older” (more negative A'*C) waters in the northern basin.
However, there is considerable variability in basin mean
A'™C and the interbasin contrasts due to the different model
configurations, physical boundary conditions and subgrid-
scale mixing coefficients. The sensitivity of the modeled
radiocarbon distribution to each of these factors is not yet
clear. In this study we examine how the radiocarbon
distribution over the deep Pacific is controlled by the
circulation and diapycnic mixing using an isopycnal model.
Diapycnic mixing rates are most easily and precisely
controlled in this framework and realistic topographic
variations can be incorporated.

[9] The observed distribution of radiocarbon and PV in
the deep Pacific are described in section 2. An idealized
one-and-a-half-layer model for the bottom water is applied
to understand the radiocarbon distribution in section 3. A
more realistic isopycnic model and physical circulation is
developed in section 4, extending a previous modeling
study for the deep Pacific by Roussenov et al. [2002]. The
modeled radiocarbon and PV distributions are described in
section 5. The sensitivity of the model solutions to changes
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in bottom mixing is explored in section 6, and the implica-
tions of the study are discussed in section 7.

2. Observed Distributions of Radiocarbon
and PV

[10] Tracer distributions in the deep Pacific are strongly
controlled by the overturning circulation, which is charac-
terized by a northward influx of bottom water, converted to
lighter water and returned southward at middepth. This
transformation of bottom to deep waters is implicit in the
northward deepening and eventual grounding of the denser
o4 surfaces over the deep Pacific (Figure 1a).

2.1. Radiocarbon

[11] The first basin wide view of the distribution of
radiocarbon in the deep Pacific came from the observa-
tions of the GEOSECS program in the 1970s, which
were presented and interpreted by Ostlund and Stuiver
[1980] and Broecker et al. [1985, 1995]. In the upper
ocean, the observed distribution incorporates both natural
(preanthropogenic, prebomb) and bomb-produced contri-
butions, while in the deep, older waters it is generally
assumed that the data reflect the ‘““steady” preindustrial
distribution. A more detailed view of the radiocarbon
distribution is now available through the observations
from the World Ocean Circulation Experiment (WOCE)
[Key, 1996; Key et al., 1996; Stuiver et al., 1996; Key et
al., 2002].

[12] The radiocarbon distribution in the Pacific reflects
the competition between the surface input and the influx in
the deep waters from the Southern Ocean, the transport
and the systematic decay of the tracer. A meridional
section of A'C along 170°W from an optimal interpola-
tion of the WOCE data set (R. M. Key et al., A global
ocean carbon climatology: Results from the Global Ocean
Data Analysis Project, submitted to Global Biogeochemical
Cycles, 2004, hereinafter referred to as Key et al., submitted
manuscript, 2004) reveals high concentrations in the surface
ocean, A'*C > 50, partly reflecting the bomb source,
and maximum concentrations in the upper ocean of the
subtropical gyres at 35°N and 40°S (Figure 1b). These
high concentrations in the upper thermocline probably
reflect ventilation from the subduction of mode waters. At
depth, there is a northward transport of dense water, Lower
Circumpolar Deep Water (LCDW), into the basin, A'*C ~
—160%o, from the southern boundary. Decay of radiocarbon
leads to decreasing values toward the north and toward
middepths as the water mass ages. There is a progressive
northward decrease in A'*C from —150%o at 60°S to a
minimum of A"¥C ~ —240%o in the middepths at 50°N
with a northward spreading plume along the western
boundary (Figures 2a and 2b).

2.2. Potential Vorticity

[13] To complement the radiocarbon distribution, we
consider the distribution of the dynamic tracer, potential
vorticity (PV) defined on the large scale as

PV = —

=Tl

804
Ev (1)
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Figure 1. (a) A meridional density section along 170°W in the Pacific (WOCE section P15) for

potential density, o4, (displayed from 1 km to the seafloor with o, = 45.75 and 45.87 surfaces in bold);
(b) meridional section for A'*C (shaded) from gridded data along 170°W with isopycnic depths
(contours) evaluated from climatology (displayed from the surface to 5 km).

where f'is the planetary vorticity, o4 is the potential density
referenced to 4 km, and p is a reference density.

[14] For the deep waters, the PV might be expected to
increase poleward, reflecting the change in f, assuming that
there are only slight changes in layer thickness. However,
from the density section in Figure la, there are significant
changes in stratification and a general northward increase
in layer thickness over the deep waters for the North
Pacific. Consequently, maps of the PV for deep waters
reveal a complex structure, rather than PV contours simply
following latitude circles (Figures 2c and 2d) [O’Dwyer

and Williams, 1997]. There is a northward decrease in the
magnitude of the PV from the South Pacific, >20 x
107" m~'s™" at 60°S to 0 at the equator, while over the
North Pacific, the PV increases northward to 10 X
107 "?m~'s™! along the o, = 45.75 surface, but only to
2 x 107"m 's™" along the denser o, = 45.87 surface.
Hence both the radiocarbon and PV distributions show
much larger horizontal differences along the o, = 45.75
surface and weaker contrasts along the denser o4 = 45.87
surface. In addition, over the western side of the South
Pacific, both the radiocarbon and PV distributions show
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Figure 2. A'"C data (%o) mapped on (a) o4 = 45.75 and (b) 45.87 surfaces. PV data (10" m~'s™ ")
mapped on (c) o4 = 45.75 and (d) 45.87 surfaces. The PV surfaces are from O’Dwyer and Williams

[1997] and are evaluated from NODC data.

signals reflecting the northward transport from the Southern
Ocean (Figure 2).

[15] In addition, these maps of PV can be compared with
the isopycnal maps of salinity, oxygen and silica on the o3 =
41.44 and o4 = 45.87 surfaces, and geostrophic flow at the
depths between 2500 m and 5000 m calculated by Reid
[1997]. The PV distributions broadly resemble those of
salinity, a conservative tracer. North of the equator, both
salinity and PV have stronger meridional gradients on the
lighter surface, while oxygen and silica have significant
gradients over the denser surface for the North Pacific
reflecting their nonconservation. Reid [1997] argued that
the wind forcing influences the circulation over the water
column for much of the North Pacific: flow is dominated by
large anticyclonic gyres at mid latitudes in each hemisphere,
contracting poleward at depth. In the deep and bottom
water, a western boundary current transports high oxygen
and low salinity from the Southern Ocean at least as far as
the mid latitudes in the North Pacific, while in the eastern
interior, lower oxygen and higher silicate concentrations
suggest a southward return flow from the Northeast Pacific.

[16] We subsequently investigate how the radiocarbon
distributions are controlled by the circulation using, firstly,

a simplified one-and-a-half-layer model together with ver-
tical diffusion and, secondly, with an isopycnic general
circulation model and examine the connection with the
modeled PV distribution.

3. Idealized Model of the Bottom Water

[17] As a starting point, we assume that there are two
regimes, horizontal and vertical with different controlling
processes, determining the radiocarbon distribution. Firstly,
a relatively rapid tracer transport in the bottom water on a
timescale of 100 years. Secondly, a much slower, vertical
balance involving vertical advection, diffusion and tracer
decay on a timescale of several 1000 years. Accordingly, we
construct a simplified model to represent these two balances
and explore how the strength of diapycnic mixing affects
each of them.

3.1. One-and-a-Half-Layer Model for an
Idealized Northern Basin

[18] In order to understand the relationship between
diapycnic mixing and the transport of bottom waters at a
steady state, we consider an idealized one-and-a-half-layer
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model for the bottom waters in a northern basin following
Speer and McCartney [1992]. The model assumes there is a
single moving layer of bottom water, which is overlain by a
thick, motionless ocean. At a steady state, the vertical
velocity at the interface is assumed to be entirely diapycnal.
The model assumes that the basin is flat and square with a
zonal width and north-south extent of L extending from the
equator into the northern basin to 50°N. If the interface
between the bottom moving layer and stagnant ocean is
given by a height 4 above the seafloor, then the geostrophic
velocities in the bottom layer are given by

Oh

fr=g e (2)
oh
fu: 7g/07y’ (3)

where f is the Coriolis parameter and g’ is the reduced
gravity based on the density contrast between the bottom
layer and the overlying ocean. The meridional transport in
the bottom layer is given from linear vorticity balance by

Bvh = fw, (4)
which, combining with equation (2), gives

on* 2w

ox  Bg

(5)

where 3 = dfldy and w is the vertical velocity at the
interface. Following Speer and McCartney [1992], integrat-
ing equation (5) in x over the extent of the layer, assuming /
is a constant on the eastern boundary, 4, and choosing f'=
By, then gives

2]
Ply) =1 -0, (©
4
with transport solutions of
hv = wy (7)
hu = 2wy’ (8)

where X' = L — x. Thus there is an explicit connection
between the bottom layer transport and the diapycnic
vertical velocity, w, which is defined by the reference
thickness of the bottom layer /4, and source strength of the

bottom water, S,:
2
vS, (1
= —+1 9
RTE (v+ ) ’ ®

where vy = g/hi/(BSoL), which is modified from Speer and
McCartney [1992] to take into account parameters for the
Pacific; @ =6 x 107 "ms 2, =2 x 10"""m's ' and L =
5500 km.

[19] The model is forced by different strengths of bottom
water source, S,, from 13 Sv to 6 Sv for different choices of
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layer thickness, /4, from 500 m to 1000 m with 4 constant
along the equator; these different choices are broadly taken
from the observed height of the o4 interfaces of 45.90 and
45.87 respectively (Figure la). The diapycnic vertical
velocity out of the layer is assumed to be constant in space
and is diagnosed from equation (9).

[20] The idealized model suggests that the thickness of
the bottom layer decreases westward and northward over
the interior of the northern basin (Figure 3a). If the dia-
pycnic volume flux is increased, then the layer thins and
grounds more rapidly westward and northward due to the
transfer of mass into the overlying layer (Figure 3b). Thus
reducing the diapycnic volume flux leads to a greater
northward penetration of the bottom water over basin.
Whether the layer actually grounds depends on the initial
layer thickness %, on the equator and eastern boundary, the
strength of the diapycnic volume flux, and size of the basin
(Figures 3a and 3b).

[21] While this solution for the layer thickness and
accompanying flow field is overidealized through the lack
of topographic variations and more moving layers, we
expect that the sense of the relationship between layer
thickness, grounding and diapycnic volume flux will still
carry over for a more complex model (as investigated in
section 4).

3.2. Radiocarbon Distribution

[22] We now explore the implications of the variation in
the bottom water transport for a tracer, ¢, which is assumed
broadly analogous to '*C/'2C. Here, we assume that there
are two regimes. Firstly, in the bottom layer, the tracer is
assumed to be controlled by the horizontal transport and the
lateral boundary conditions, rather than by the decay. Hence
the tracer concentration in the modeled bottom layer can be
solved from the tracer equation at a steady state:

2 (huc) + % (hve) = —we, (10)

Ox

where in this highly idealized representation of the bottom
waters the radio decay is assumed negligible. Combining
with equations (7) and (8), equation (10) reduces to

,0c  Oc
2x a-f—ya—y = O7

(11)
which has a particular solution for the tracer concentration
in the bottom layer of
C(xvy) =Cq+ cbx/y;, (12)
while the general solution for c(x, y) is an arbitrary function
of xy*. Additional boundary conditions are needed to
determine the coefficients c,, ¢,. Here, we solve for ¢ within
the bottom layer with northern and southern boundary
conditions taken from the observations: ¢, = 0.782 at y = 0
and ¢, = 0.765 at x = L/2 and y = L, which corresponds
respectively to A'C = —218 at the equator and A'*C =
—235 at 170°W, 50°N (Key et al., submitted manuscript,
2004).
[23] Secondly, in the overlying deep waters, the tracer is
assumed to be controlled by an advective-diffusive and
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Figure 3.

Idealized spreading of bottom water into a northern basin using a one-and-a-half-layer model:

(a) a plan view of the bottom layer thickness for the model and (b) the interface height along 170°W for
two different choices of layer thickness on the eastern boundary, %, = 500 m and 1000 m in the left and
right panels, respectively. In Figure 3b, the diapycnic volume flux for /, = 500 m (left) decreases from
10 Sv, 8 Sv to 6 Sv for the overmixed (dashed line), optimal (solid line) and undermixed (dotted line)
cases, respectively, and likewise for 4, = 1000 m (right) from 13 Sv, 10 Sv to 7 Sv. These two different
choices in 4, are chosen to be comparable to the o4 = 45.90 and 45.87 surfaces in Figure la.

decay balance in the vertical, but with horizontal transport
now ignored. Thus the vertical balance is given by

d*c

de
_WE+KE+>\C_O7

(13)
where horizontal transport is only important indirectly
through the bottom tracer boundary condition. The
analytical solution for the tracer profile ¢ is given by

c(z) = exp((l +(1+ (x)l/2>z/z*>

+C2€Xp<<17(1+0L)1/2>Z/Z*)>, (14)

where z* = 2k/w and o = 4X\k/w?. In case of nondecaying
tracer (A = 0), the solution reduces to the classical
advective-diffusion balance: c(z) = ¢ exp(z) + c¢,. For
radiocarbon, X\ = In(2)/t and 7 is the A'*C half-life of
5730 years. Solutions to equation (14) in the vertical are
obtained using a constant value of ¢ = "*C/"*C = 0.802 at
1000 m (corresponding to A'*C = —198) and the ¢ for the
bottom layer from equation (12) at a height given by
equation (6) and w diagnosed from equation (9). In the
vertical balance, the timescales are slower and the radio
decay makes a first-order contribution. Thus the one-

dimensional solutions combined with the horizontal
variations in the bottom layer leads to a plausible modeled
meridional section with a middepth minimum at around
2 km (Figures 4a and 4b).

[24] Altering the mixing in both the bottom layer trans-
port model and the vertical advective-diffusive model in a
consistent manner leads to opposing changes in the vertical
profile of radiocarbon (Figure 4c). An increase in the
mixing leads to a reduction in ¢ in the bottom waters due
the reduction in thickness of the bottom layer, but an
increase in C above 3 km due to the enhanced vertical
diffusion (Figure 4c, dashed line). Conversely, a decrease in
the mixing leads to an increase in ¢ in the bottom waters due
its enhanced layer thickness, but a decrease in ¢ above 3 km
due to the weaker diffusion (Figure 4c, dotted line).

[25] The modeled radiocarbon distribution is subsequently
examined in a more realistic setting after applying an
isopycnic model to the Pacific, combined with an off-line
radiocarbon model and examining its dependence on bottom
mixing.

4. Physical Model and the Circulation
4.1. Formulation of Model

[26] The model experiments focus on the influx of dense
fluid into a basin using an isopycnic model (MICOM 2.7
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Figure 4. Vertical sections of A'C along 170°W in the
North Pacific for (a) an idealized model and (b) the data
together with (c) a modeled vertical profile of A'C at
170°W, 36°N. The idealized model solves firstly for the
bottom layer transport of radiocarbon and secondly for the
one-dimensional vertical advective, diffusive, and decay
balance. In the one-dimensional vertical model the upper
tracer boundary condition is taken from the observations at
1000 m, and the lower boundary condition is provided by
the bottom layer transport model; the model solutions are
shown for bottom layer thickness of 4, = 1000 m (Figure 3
(right)). In Figure 4c, different model solutions are shown
for diapycnic volume fluxes of 13 Sv (dashed line), 10 Sv
(solid line), and 7 Sv (dotted line). Note how a decrease in
the diapycnic volume flux leads to a higher concentration of
the tracer below 3 km.

[Bleck and Smith, 1990]). The model formulation is similar
to that employed by Roussenov et al. [2002], except with
increased vertical resolution and layer interfaces relaxed in
the Southern Ocean to a realistic profile. The model
resolution includes 7 layers in the vertical of o4 = 43.5,
45.0, 45.64, 45.76, 45.84, 45.90 and 45.94 (Figure 5a), and
1.4° Mercator grid in the horizontal. The model topography
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is based on ETOPOS5 data averaged within the model grid.
Additional corrections are made using the 5 minute topog-
raphy to ensure that model topography includes deep
channels and trenches, such as the Izu-Ogasawara and Japan
trenches between 29°N and 42°N. The model is forced with
a monthly mean, wind stress from the COADS climatology.
In the southern part of the domain, cyclic boundary con-
ditions on the western and eastern sidewalls are included in
order to simulate the Antarctic Circumpolar Current over
the upper water column. Since the experiments are focus-
sing on the influx and modification of dense water, the
buoyancy forcing is confined to a southern relaxation zone,
where model interfaces are relaxed to depths taken from an
observed density profile.

[27] Diapycnic transfer occurs throughout the domain and
is necessary to provide a conversion of dense bottom water
into lighter deep and intermediate water. Diapycnic fluxes
are applied over the interior to compensate for the input of
dense water from the southern relaxation zone. Additional
diapycnic mixing is introduced between the deepest two
interfaces in order to mimic enhanced bottom mixing and
which eventually leads to a grounding of the bottom layer at
about 20°N. The additional bottom mixing can either be
viewed as a crude parameterization of enhanced mixing
over rough topography [Polzin et al., 1997] or mimicking
the diapycnic transfer implied from geothermal heating
which might be important in the North Pacific [Joyce et
al., 1986].

[28] The overall effect of the diapycnic transfer can be
considered in terms of an effective diapycnic diffusivity, k,
consisting of two parts: (i) a background value, K, and
(i1) an additional mixing along the bottom interface, Ky,
varying inversely with buoyancy frequency N. In the bottom
waters, each contribution is comparable with k,,; ~ 0.7 X
107* m? s~'. Since there are still few direct measurements
of the diapycnic mixing rates in the ocean, we include
sensitivity studies on how the radiocarbon distribution is
controlled by the bottom mixing. In addition, the isopycnic
model employs isopycnic mixing and thickness diffusion
(using a diffusive velocity of 0.5 cm s~ ' with Laplacian and
biharmonic forms respectively), and deformation-dependent
momentum mixing (using a mixing velocity of 1 cm s '
with a background Laplacian dependence). The model is
initialized with flat isopycnals (Figure S5a, dashed lines)
except within the southern relaxation zone. The model
reaches a dynamical steady state after 500 years integration.

4.2. Model Circulation and Assessment

4.2.1. Overturning Circulation

[20] At a steady state, there is a northward transport of
dense bottom waters, spreading over the bottom two model
layers, reaching 22 Sv at 50°S (20 Sv in the bottom layer).
The transport of bottom water is progressively transformed
to lighter fluid by the diapycnic mixing leading to dense
interfaces deepening and eventually grounding over the
northern basin (Figure 5a, solid lines). This conversion
involves a combination of the background mixing (11 Sv)
and the enhanced bottom mixing (9 Sv) at the bottom two
interfaces (Figure Sa, arrows). The lighter fluid eventually is
returned to the southern relaxation zone over the overlying
water column with 5 Sv in each of the deep layers, o4 =
4584 and 45.76, and 8 Sv in each of the intermediate
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Figure 5. (a) Modeled meridional section for o4 along 170°W through the Pacific. The model is
integrated for 500 years with realistic topography at 1.4° resolution and enhanced bottom mixing. The
initial and final states are marked by the dashed and solid lines, respectively. There is a northward
deepening of the denser interface. Arrows denoted the integrated meridional transport and diapycnic
fluxes in Sv (1 Sv = 10° m® s7"). (b) The zonally integrated meridional fluxes for each of the denser
layers north of 50°S at the final state. There is a northward influx of 22 Sv at 50°S carried over the bottom
two layers, which is progressively transformed northward into the lighter layers and returned southward.
In the bottom panel the area-integrated diapycnic flux (Sv) is included for each of the bottom two layers
as bar charts (bottom layer is shaded) together with the surface area of the overlying model interface
(solid line); the diapycnic flux is scaled to give the area-integrated mean flux in Sv for every 10° in

latitude.

layers, o4 = 45.64 and 45.02. In addition, there is a
northward flux of 4 Sv in the surface layer, which is
balanced by a diapycnic transfer and return flow in the
denser underlying layer.

[30] This transformation of dense fluid to light fluid
occurs throughout the basin. The northward flux in the
bottom layer (o4 = 45.94) progressively decreases from
20 Sv at 50°S to 0 at 35°N (Figure 5b, solid line), then the
flux in the overlying layer (o4 = 45.9) decreases from 3 Sv
at 35°N to 0 at the northern boundary (Figure 5b, long
dashed line). The zonally integrated diapycnic flux (eval-
uated at the interface above the two bottom layers) varies

according to the surface area of the interface (Figure 5b,
bottom panel) with a minimum transfer at 20°S. Above the
bottom interface, there is a weaker diapycnic transfer
controlled by the background mixing.
4.2.2. Horizontal Circulation

[31] The wind forcing drives the expected upper layer,
gyre-scale circulation with a western boundary current
transport of 54 Sv in the Kuroshio for the northward flow
across 24°N between the western boundary and 130°E.
The Circumpolar Current transport through Drake Passage
reaches 130 Sv. In comparison, Ganachaud [2003] using
a global inverse model estimates 68 + 7 Sv for the
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Figure 6. Modeled volume transports for (a) deep waters (o4 = 45.84 layer) and (b) bottom water
(combined o4 =45.90 and 45.94 layers) after 500 years integration. The vectors representing transport in
the layer are scaled to 1 Sv (10° m? s~"). In Figure 6a, dark and light shading represents depths less than
3 km and 4 km, respectively, while in Figure 6b, shading represents where the bottom two layers ground.
In Figure 6b, values of the transport (Sv) are included within subregions of the domain together with the

diapycnic flux into the lighter overlying layers.

Kuroshio transport and 140 + 6 Sv through the Drakes
Passage.

[32] The deep circulation (for the o4 = 45.84 layer)
reveals a broadly zonal interior flow, directed eastward in
the tropics, and an interior southward currents and recircu-
lations at 50°N (Figure 6a). Over the western and eastern

boundaries, there are northward transports over part of the
northern basin, but change direction to southward transports
over the southern basin. In the mid and deep waters,
Johnson and Toole [1993] diagnose a southward transport
of NPDW, —2.6 Sv, across 10°N, while the corresponding
model transport, —3 Sv, is only slightly larger in magnitude.
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In the deep waters, Wijffels et al. [2001] diagnose a
southward deep water transport, —10 to —20 Sv at 32°S,
while the model transport is southward, —6.4 Sv below
2200 m (for model layers o, = 45.84 and 45.76) and
—12.9 Sv below 1200 m (for model layers o, = 45.84,
45.76 and 45.64).

4.2.3. Bottom Water Circulation

[33] Incorporating realistic topography leads to a complex
bottom circulation including the formation of topographic
jets and flow bifurcations (Figure 6b). The modeled north-
ward transport of bottom water is carried principally by a
deep western boundary current over the South Pacific,
which reaches a maximum speed of 5-6 cm s .

[34] Observations suggest that the northward transport for
the bottom waters in the Pacific decreases northward from
16 to 20 Sv at 32°S from hydrographic data combined with
an inverse model [Wijffels et al., 2001] and 16 £ 12 Sv
from current moorings (from 2 km to the bottom) at 32°S
[Whitworth et al., 1999], 12 Sv at 12°S [Taft et al., 1991],
11.7 Sv from 11°S to 17°S [Roemmich et al., 1996], 8.4 to
9.6 Sv at 10°N [Johnson and Toole, 1993] and 4.9 Sv at
24°N [Bryden et al., 1991]. The model diagnostics show a
very similar behavior with the bottom water transport,
calculated as a zonal integral of the meridional fluxes in
the deepest two model layers, o, = 45.90 and 45.94,
decreasing from 15.8 Sv at 32°S, 13 Sv at 12°S, 10.8 Sv
at the equator, 8.4 Sv at 10°N to 5 Sv at 24°N.

[35] In more detail, the modeled boundary current bifur-
cates at 18°S with a branch separating from the coast,
propagating northeast and transporting 3 Sv around the
Manihiki Plateau (160°W, 10°S) (Figure 6b). The main
western branch transports 11 Sv in the Samoan and
Tokelau Passages (west of 170°W, 10°S). There is a
southward transport of about 1 Sv across 10°S in the
easternmost part of the basin (east of 155°W). The model
western boundary transport and the total northward trans-
port of 13 Sv across 10°S are very close to the observed
12 Sv of bottom water at 12°S [Taft et al., 1991;
Roemmich et al., 1996] and a maximum of 10.7 Sv in
the Samoan passage [Rudnick, 1997]. A small branch of
the western boundary current (1 Sv) turns eastward in the
equatorial region and recombines with the bottom waters
east of Manihiki Plateau. However, most of the bottom
waters transported across the equator (10.8 Sv) are carried
by the western boundary current (9.8 Sv). The western
boundary current bifurcates again north of the equator with
one branch directed eastward, transporting 4.2 Sv through
the Clarion passage (15°N, 170°W). This bifurcation is
consistent with observations along 10°N by Johnson and
Toole [1993].

[36] Further north, there is a complex circulation with
the transport carried by interior jets following deep chan-
nels. North of 10°N, the total transport of bottom water
eastward across 170°W is 4.6 Sv with 2.5 Sv carried along
the deep channels between 25°N and 45°N. The model
does simulate the northward current over the Izu-Ogasa-
wara and Japan trenches (29°—40°N, 140°—160°E) as well
as the southward countercurrent on the western side, which
is diagnosed in the observations by Owens and Warren
[2001]. Bottom currents eventually reaching the northern
rim of the North Pacific are returned westward toward the
western boundary.
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[37] Over the large scale, the modeled circulation does
not appear to be either consistently cyclonic, as expected
from Stommel and Arons [1960] for a flat-bottom ocean, or
anticyclonic as expected from the “hypsometric effect”
suggested by Rhines and MacCready [1989]. Thus local
changes in topography mask and obscure signatures of
large-scale control of the horizontal circulation. The influ-
ence of the circulation patterns on the radiocarbon distribu-
tion is discussed next.

5. Radiocarbon Model and Tracer Distributions
5.1. Formulation of Model

[38] The dynamical model reaches a steady state after
about 500 years, where there is a balance between the dense
water inflow and the diapycnic transformation to lighter
waters. The radiocarbon evolution takes much longer to
reach a steady state due to the long half-life of radiocarbon
requiring a model integration of several thousand years.
Consequently, for computational efficiency, the radiocarbon
distributions are modeled in an off-line mode. The oft-line
model has the same resolution and topography as the on-
line model, and is driven using the transports and model
fluxes taken from the dynamical model for a 5 year time
average after 500 years integration. A general tracer, ¢, in
the off-line model is governed by the prognostic equation

Oc 1
% +uVe= ZV - (khVc), + S,

(15)
where S, represents sources and sinks including restoring
boundary conditions in the surface layer and southern
boundary regions, u is the three-dimensional velocity, % is
the layer thickness and k is the diffusivity providing
diapycnic and isopycnic fluxes. Diapycnic fluxes are
calculated using mixing coefficients varying with buoyancy
frequency, obtained from the vertical profiles of the steady
dynamical model solution.

[39] Radiocarbon is generally reported in terms of A'*C
[Stuiver and Polach, 1977]. Rather than explicitly incorpo-
rate the biological carbon and radiocarbon pumps, we
formulate an abiotic approach following the approach
taken in the OCMIP studies (J. Orr et al., unpublished manu-
script, 2000) (http://www.ipsl.jussieu.fr/OCMIP/phase2/
simulations/Abiotic/ HOWTO-Abiotic.html). However, this
assumption neglects the biological input associated with
dissolution of surface derived carbonate particles (either in
the water column or on the bottom); Fiadeiro [1982]
estimated that this source accounted for a 5% contribution
for A'C, which was incorporated in a box model by
Srinivasan et al. [2000].

[40] Two prognostic tracers are carried in the model
integrations, abiotic dissolved inorganic carbon-12 concen-
tration, '2C,, and abiotic dissolved inorganic radiocarbon
concentration, '*C,, which is scaled by the reference ratio
v = ("*C/"C)er. Tracer equations (15) are integrated
for '?C,,; with no interior sources or sinks, and for “C,
with an interior sink from the radiocarbon decay with a half-
life of 5730 years. The surface and southern boundary tracer
concentrations for abiotic '*Cy,; and '*C, are broadly in
accord with the observed DIC, alkalinity (Key et al.,
submitted manuscript, 2004) and oxygen [Conkright et
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Figure 7. Modeled radiocarbon distribution for optimal mixing (equivalent to a bulk value for the
diapycnic diffusivity k = 0.7 cm?® s~ ). (a) South-north section, A™C (%), along 170°W (compare with
Figure 1b for the observations). There is an influx of radiocarbon into the domain from the surface and
the transport of bottom waters from the southern boundary. (b) Meridional variation of A'*C along
170°W along o4 = 45.76 and 45.84 surfaces for both the observations (solid line) and model (dashed

line).

al., 1998] climatologies (Appendix A). The boundary con-
ditions are chosen as '°Cy,; = *C, = 2080 in the mixed
layer, 12C501 =2125 and 14C, = 1780 in the relaxation zone
in the southern boundary and '2C,; = 2110 and '*C, = 1780
initially in the interior. Finally, A'*C is diagnosed from
these two tracers using the following relationship:

A14 MCV
Cmodel - m - l 1000

The boundary conditions imply A'*C = 0 in the mixed
layer, AC = —162% in the southern boundary and
initially A'*C = —156%o in the interior. This method of
using two tracers explicitly accounts for nonlinear mixing
effects which would otherwise be missed using a single
tracer representing A'*C. The off-line tracer equations are
integrated for 5000 years and there are only relatively
minor changes between years 3000 and 5000.

(16)

5.2. Vertical Structure for Radiocarbon

[41] After 5000 years, the modeled radiocarbon distribu-
tion reproduces the general character of the observations:
high surface values over the main thermocline, A'*C ~
—50%o, an influx of lower values in the bottom waters from
the southern boundary, A'C ~ —170%o, and a middepth
minimum at 2 km in the North Pacific north of 40°N,
A"™C ~ —240% (Figure 7a). There is good agreement

between the meridional variation in A'*C in the deep waters
from the model and the observations (Figure 7b for o4 =
45.76 and 45.84).

[42] A separate ideal ““age” calculation (not shown)
reveals low ages in the thermocline and within the bottom
waters spreading from the southern boundary, and a maxi-
mum age of 1400 years at middepths north of 10°N. There is
a plume of relatively low ages reaching 600 years in the
bottom waters extending into the North Pacific (o4 = 45.94)
and increasing to 1000 years in the overlying layer (o4 =
45.90) with the greatest age along the eastern Pacific, while
in the deep waters, the age reaches a maximum of 1400 years
in the central part of the North Pacific (o4 = 45.76).

[43] An observed west-east section of A'*C reveals the
northward flux of LCDW linked to the western boundary
with young values (Figure 8a). The return flow of NPDW
with old values appears to be concentrated into two cores at
depths centered on 2500 m: one which is over the western
Pacific and a second which abuts the western slope of South
America. The eastern core is also seen in silicate [Key,
2001] and, perhaps, is also consistent with diagnostics of a
southward transport of NPDW across 10°N east of 115°E
[Johnson and Toole, 1993].

[44] In comparison, the model reveals the northward
influx of young A'C in the bottom waters along the
western boundary (Figure 8b). There is reasonable agree-
ment between the modeled and observed tracer values for
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Figure 8. Radiocarbon west-east sections, AMC (%o), along 32°S from (a) the observations and (b) the
tracer model for optimal mixing. (c) Zonal variation of A'*C along 32°S for o, = 45.76 and 45.84
surfaces from the observations (solid line) and model (dashed line).

the bottom waters, but disagreement for the lighter layers
(along o4 = 45.76) along the western and eastern boundaries
(Figure 8c). This disagreement is principally due to the
modeled northward influx of young A'*C being too
restricted to the bottom waters and the southward outflux
of deep waters being concentrated in the western boundary,
rather than within the central part of the basin or the eastern
boundary as in the observations.

5.3. Horizontal Structure of Radiocarbon

[45] The A'C pattern on the deep o4 surfaces reflects the
pattern of the deep circulation and boundary flows, which
in turn are partly controlled by the bottom topography
(Figures 9a and 9b). The broad structure of the modeled
A'™C is in general accord with the observations for the deep

and bottom flows, but there are differences at middepths,
perhaps reflecting the coarse model resolution in the
vertical.

[46] For the deep waters along o4 = 45.76, AM™C is nearly
uniform over the North Pacific with a minimum value of
—250%o reflecting a lack of ventilation (Figure 9a). Over the
South Pacific, the A'C contours extend from the southwest
to northeast reflecting the southward transport of older
waters from the North Pacific along the deep western
boundary current, in accord with the transport pattern in
Figure 6a for a similar o4 surface.

[47] As the density increases to 45.87, the pattern of the
A™C contours changes and acquires a northwest to south-
east alignment over the entire basin (Figure 9b) (the AC
along the model interface o, = 45.87 is interpolated from
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Figure 9. Modeled maps of A'*C (%o) for (a) o4 = 45.76 and (b) 45.87 surfaces, together with the
potential vorticity (1072 m~! s~!) for (c) o4 = 45.76 and (d) 45.87 surfaces. The A'™C distribution is
after 5000 years of off-line integration, and the PV is after 500 years of on-line integration. The model
solution reveals weaker meridional contrast in PV across the northern basin for the denser surface, which

is broadly in accord with the diagnostics from the climatology (Figures 2¢ and 2d).

the concentrations in the neighboring layers). This change
in orientation reflects the change in western boundary
transport (Figure 6). The northward influx of dense bottom
waters provides a corresponding influx of younger waters
with higher A'C from the Southern Ocean. For the bottom
layers, 04 = 45.87 and 45.90 (not shown), there is a plume
of high A'C over the western side of the South Pacific,
more uniform low values over the western side of the North
Pacific, and the minimum values over the eastern side of the
North Pacific (Figure 9b). This tracer pattern reflects the
tight nature of the western boundary over the South Pacific,
the more confused topographically controlled boundary
flows in the North Pacific and, possibly, a weaker influx
into the eastern North Pacific.

[48] In comparison, the observations reveal a similar
northward plume of high radiocarbon along the western side
of the Pacific for the deep and bottom waters (Figures 2a
and 2b); 04 = 45.76 for the South Pacific and o4 = 45.87 for

the whole Pacific. A difference between the modeled and
observed radiocarbon distributions is the orientation of the
tracer contours differs in the deep waters (o4 =45.76), which
is northwest to southeast in the observations, but more
uniform or directed southwest to northeast in the model.
However, it is unclear whether this model-data difference is
significant, since there is little data there and comparable
differences are formed using different mapping algorithms
for the data.

5.4. Relationship Between Radiocarbon
and PV Distributions

[49] In comparison, the model distributions of PV are
evaluated, where the PV is based on a layer version of
equation (1):

(C+/1) Ap

PV = — =L
hp

(17)
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For completeness, the relative vorticity, (, is included,
although this term is generally small; % is the thickness of an
isopycnal layer, Ap is the density difference between the
interfaces bounding the isopycnal layer and p is a reference
density.

[s0] The modeled PV distribution shows predominately
zonal contours along o4 =45.76 (Figure 9¢) with a generally
symmetric pattern between the North and South Pacific. On
the denser 45.87 surface, the most striking signal is the
much weaker contrasts in PV over the North Pacific and
the PV contours become more inclined away from latitude
circles over the western side of the South Pacific (Figure 9d),
which is also seen in the data (Figures 2c and 2d). The
extensive region of low and nearly uniform PV over the
North Pacific is explained in terms of an influx of fluid into
the isolated northern basin from across the equator together
with enhanced bottom mixing [O’Dwyer and Williams,
1997; Roussenov et al., 2002]. Alternatively, this signal of
low PV might result from geothermal heating leading to a
weakening in stratification [Joyce et al., 1986].

[51] The radiocarbon and PV distributions offer comple-
mentary views of the deep circulation. Their patterns do not
directly reflect each other, so one tracer is not a redundant
proxy for the other tracer, but there are some similarities in
their patterns given the controlling influence of the back-
ground circulation.

[52] Over the South Pacific, the radiocarbon distribution
reflects the influence of the western boundary current
transport with the orientation of the tracer contours chang-
ing from being aligned southwest/northeast for the deep
waters (Figure 9a) to northwest/southeast for the bottom
waters (Figure 9b). The PV has a similar pattern in the
bottom waters, but only a limited signal of the southward
transport in the western boundary in the deep waters
(Figure 9c). Since the North Pacific is a more isolated
basin, there are generally weaker tracer contrasts, than in
the South Pacific. A'"C is more uniform for intermediate
and deep waters (Figure 9a), while PV is more uniform for
the layer within which the bottom water spreads northward
into the basin (Figure 9d).

[s3] The different signals in the radiocarbon and PV
distributions might partly reflect how the radiocarbon only
depends on the circulation in a particular layer, whereas the
PV depends on the separation of layer interfaces, which are
directly connected to the flow in the neighboring layers.

6. Model Sensitivity to Bottom Mixing

[54] Recent observations indicate increased rates of
diapycnic mixing toward the bottom of the ocean and
over rough topography [Polzin et al., 1997]. In addition,
geothermal heating can weaken the stratification and alter
the deep transports; Adcroft et al. [2001] find that includ-
ing 50 mW m 2 of geothermal heating increases the deep
Indian-Pacific circulation by 1.8 Sv. The inclusion of
bottom intensified mixing improves the hydrographic
structure in idealized models of the deep Pacific basin
[Roussenov et al., 2002], but is not usually applied in
ocean tracer models.

[55] In the previous idealized model, we explored the
sensitivity of the transport and radiocarbon distribution to
mixing given several simplifying assumptions, such as a flat
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bottom, no tracer decay in the bottom water and no
horizontal transport within the ocean interior. The role of
mixing is now reexamined using the more realistic circula-
tion model.

6.1. Dynamical Response of Hydrography

[s6] Firstly, we consider how altering the diapycnic
mixing changes the volume fluxes and hydrography within
the dynamical model. Secondly, we consider how changes
in diapycnic mixing alter the radiocarbon distribution,
both passively from the diffusion of radiocarbon and
dynamically from the tracer transport.

[57] In these sensitivity experiments, the bulk diapycnic
diffusivity, k is altered from the standard value of 0.7 cm?s ™"
to either 0.5 or 1.0 cm’s~'. We refer to these as the
“undermixed” and “overmixed” cases respectively. In
these dynamical integrations, increases in mixing rate alter
the structure of the bottom waters (Figure 10a): there is a
more rapid northward deepening of the dense o4 surfaces
for stronger mixing and flatter surfaces for weaker mixing.

[s8] The different choices in bottom mixing alters the
strength of the bottom water source, as well as the detail
of the meridional fluxes within the bottom two layers
(Figure 10b). At 50°S, the meridional flux in the bottom
layer increases from 20 Sv for the standard case to 22 Sv in
the overmixed case and decreases to 18 Sv in the under-
mixed case. However, the greater diapycnic transfer causes
the meridional flux to decrease northward more rapidly for
the overmixed case, than for the undermixed case. Conse-
quently, the bottom flux and supply of bottom waters
reaching the North Pacific is greater in the undermixed
case, than the overmixed case (despite the bottom water
source at the southern boundary being larger for the over-
mixed case). These different volume fluxes alter the volume
of the bottom layer, and hence alter the surface area of the
overlying interface over the North Pacific (Figure 10c). In
the undermixed case, the interfaces of the bottom waters are
flatter, while in the overmixed case, the interfaces ground
further south and there is less bottom water in the North
Pacific (Figure 10a). Thus the area-averaged diapycnic flux
is much greater for the undermixed case in the North Pacific
and occurs higher up the water column, than for the over-
mixed case.

6.2. Sensitivity of Radiocarbon Distributions

[s59] We now discuss sensitivity experiments with
enhanced or weakened diapycnic mixing with imposed
diapycnic diffusivities of k = 1.0, 0.7 (corresponding to
the control model integration) and 0.5 cm?s~!. The accom-
panying bottom transport is either chosen to remain
unchanged (in an off-line manner with the same model
circulation) or altered in accord with the mixing (with the
source of bottom water at the southern boundary greater
with stronger mixing).

[60] For a strengthening in the diapycnic mixing, there
is an overall increase in the A'*C over the northern basin
(Figures 1la and 11b) due to the greater diffusive supply
from the surface and bottom water. For a weakening in
the diapycnic mixing, there are different results according
to whether the accompanying bottom water transport
is altered (Figures 1lc and 11d). If the bottom water
transport is unchanged, the middepth minimum in A'C
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Figure 10. (a) Meridional section along 170°W showing the vertical positions of the o4 = 45.80
and 45.87 for different choices of bottom mixing and strength of the bottom water source: standard,
optimal case, overmixed with stronger bottom water source, and undermixed with weaker bottom water
source (solid, dashed, and dotted lines, respectively). (b) Zonally integrated meridional flux for each of
the bottom two layers (04 = 45.94 and 45.90, upper and lower panels, respectively) for the different
mixing/transport cases. (c) Surface area of the interface o, = 45.87. Note that to emphasize the different
heights of o, surfaces, Figure 10a is only shown from 14°S to 53°N, while Figures 10b and 10c are from

50°S to 55°N.

progressively decreases as the supply of tracer is reduced
(Figures 11cand 11e). However, if the bottom water transport
is allowed to alter with a weakening in diapycnic mixing, then
there is younger (less negative A'*C waters in the northern
basin (Figures 11d and 11f). This surprising signal is due
to there being a greater northward extent of the radiocarbon-
rich, bottom waters for weak mixing (Figure 10a).

[61] In the bottom water, the modeled meridional distri-
bution of A'C is optimal for our default choice of mixing
and the agreement with the observations is degraded
by either decreasing or increasing the diapycnic mixing
(Figure 12). In the overlying water, such as o, = 45.76, the
data is close to the model results for the default choice of

mixing north of 30°N, but is closer to the overmixed model
case for the South Pacific, possibly reflecting the existence
of regionally varying mixing in reality.

[62] There is reasonable agreement between the model
responses for changes in mixing from the idealized, one-and-
a-half-layer model and the isopycnic circulation model. Both
models reveal that weak mixing leads an increased north-
ward penetration of bottom water and thus an enhanced
bottom supply of A'C (Figures 4c and 11f, dotted line).
There is a strong vertical decrease in A'*C with height due to
the weak diffusive supply. Conversely, with stronger mixing,
both models show a weaker vertical contrast in A'*C due to
the stronger diffusive supply (Figures 4c and 11f, dashed
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Figure 11. Modeled radiocarbon, A'*C (%o), sections along 170°W from 10°S to 50°N for different
choices of bottom mixing and strength of the bottom water source: (a) standard, optimal case;
(b) overmixed with stronger bottom water source; (c) undermixed with standard bottom water source (and
artificially unchanged transport pattern); and (d) undermixed with weaker bottom water source. In
addition, vertical profiles of A'*C are included at 36°N, 170°W for the observations (circles) and from the
model for different choices in diapycnic diffusivity with (e) standard transport and (f)) variable transport.
The overmixing, standard mixing, and undermixing cases are equivalent to bulk values of diapycnic
diffusivity of Kk = 1.0, 0.7 and 0.5 em? s7! and are represented by dashed, solid, and dotted lines,

respectively.

line). However, the models differ in the higher mixing case;
the realistic model shows a supply of young A'C in the
bottom waters similar to the default case (Figure 11f), but
otherwise differs due to the increased diffusive supply which
dominates over the change in advection A'C (Figures 11e
and 11f, dashed line). This compensation is not captured in
the idealized model.

7. Conclusions

[63] The radiocarbon distribution provides a useful tool to
understand the deep ocean and the model representation of
the transport and ventilation processes. In this study, the

radiocarbon distribution in the deep Pacific is simulated,
firstly, using a one-and-a-half-layer model for the bottom
water in a northern basin with a vertical advective, diffusive
and decay model, then secondly, in terms of a more realistic
isopycnal circulation model coupled with radiocarbon
sources and sinks. Two regimes control the radiocarbon
distribution in the deep waters: a relatively fast horizontal
transport of young A'C in the bottom waters, and a much
slower vertical balance between advection-diffusion and
radioactive decay.

[64] The idealized model broadly captures the large-scale
radiocarbon distribution, but its background circulation is
too simple. Applying the more realistic isopynic model
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Figure 12. Meridional variation of observed (circles) and modeled A'*C along 170°W along 45.76 and
45.84 surfaces for different choices of bottom mixing and strength of the bottom water source. The
standard, optimal, overmixed with stronger bottom water source, and undermixed with weaker bottom
water source cases are represented by dashed, solid, and dotted lines, respectively.

reveals the strong topographic control of the deep circu-
lation. The orientation of the A'*C contours along an
isopycnic layer reflects the direction of the western
boundary current and the transport of tracer into the basin.
The modeled radiocarbon distribution shows good agree-
ment with the observed distribution in the deep and bottom
waters, but the model fails to simulate the southward
spreading of older A'C at middepths along the eastern
boundary of the southern basin.

[6s] Altering the imposed levels of bottom mixing
changes both the local diffusive supply and the large-scale
bottom transport of A'C. The idealized model illustrates
how decreasing the mixing leads to a greater northward
penetration of bottom water and young A™C over the
basin, while increasing the mixing reduces the northward
extent of the bottom water. In the realistic model study,
there is an optimal level of mixing where both increasing
or decreasing the diapycnic mixing can degrade the agree-
ment between the model results and observations for the
bottom waters: increasing the diapycnic mixing leads to an
increase in the diffusive supply of A'*C, while decreasing
the diapycnic mixing leads to a greater northward penetra-
tion of bottom water and injection of younger A'*C into the
North Pacific.

Appendix A

[66] The surface and southern boundary tracer concen-
trations are restored toward abiotic '*C and 'C fields
determined from observed DIC, alkalinity (Key et al.,
submitted manuscript, 2004) and oxygen [Conkright et
al., 1998] climatologies. “Abiotic” carbon in the boundary

regions is estimated using the relationship of Brewer [1978],
as applied by Follows et al. [1996]:

115

R (OZ(Obs) - Ozurf)’

1
12Csol = ]Zcobs - 5 (TAobs - TAsurf)

where 74 is alkalinity. The second term on the right adjusts
for the remineralization of CaCOj; in the water column and
the third term on the right accounts for the remineralization
of organic soft tissue. Fixed Redfieldian stoichiometry is
assumed during biological transformations. Terms in
brackets on the right represent differences between observed
interior values and the values on those isopycnals at the
point of ventilation of the water parcel into the thermocline.
Oxygen is assumed to be close to saturation at the ocean
surface and hence may be estimated from temperature and
salinity, and 74" to be 2300 pmol kg ', a plausible choice
for waters from a Southern Ocean surface source.

[67] The distribution of '*C in the boundary regions is
determined from the objectively mapped A'*C distribution
(Key et al., submitted manuscript, 2004) assuming that

AYcC
=Y |\——=+1
Yol =V <1000 )

and

AMC

14 12

Csol = “CsolVr | ==+ 1),
sol 1Y (1000 + )

where, following the usual definitions, y = '*C/'?C, v, =
(**C/"*C)yeference and 8C = (y/y, — 1)1000. It is convenient
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to carry '*C, = "*C/, in the model, following the OCMIP
protocols (J. Orr et al., unpublished manuscript, 2000).
Hence the target value derived from observations, and
which the model restores toward in the surface and southern
boundary waters, is scaled by +y,. Over the interior, ¢,
decays with a half-life of 5730 years.

[68] 12C,, has a general increase with depth as the
solubility increases with reduced temperature, while '*C,
is enhanced in the surface and bottom waters through the
surface injection and bottom transport of radiocarbon. The
A'C distribution broadly follows that of *C,, but with a
deeper middepth minimum due to '*Cy, increasing with
depth.
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